In the hippocampus at birth, most glutamatergic synapses are immature and functionally ''silent'' either because the neurotransmitter is released in insufficient amount to activate low-affinity ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors or because the appropriate receptor system is missing or nonfunctional. Here we show that, in the newborn rat, a brief application of nicotine at immature Schaffer collateral-CA1 connections strongly enhances neurotransmitter release and converts presynaptically silent synapses into conductive ones. This effect is persistent and can be mimicked by endogenous acetylcholine released from cholinergic fibers. Thus, during a critical period of postnatal development, activation of nicotinic acetylcholine receptors contributes to the maturation of functional synaptic contacts and the wiring of adult hippocampal circuitry.
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excitatory postsynaptic currents ͉ cholinergic stimulation ͉ Schaffer collateral-CA1 synapses ͉ presynaptic effect ͉ increased probability of glutamate release A common feature of postnatal development, observed in a variety of different brain structures including the hippocampus, is the presence of immature synapses called ''silent'' because they do not transmit at rest. Conversion of silent synapses into functional ones constitutes an efficient mechanism for enhancing synaptic efficacy in the immature brain (1) (2) (3) (4) . It is commonly accepted that this conversion occurs mainly at a postsynaptic site with the insertion of new ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors on the subsynaptic membrane (1, 2, (5) (6) (7) (8) . However, an unambiguous demonstration that silent synapses do not contain functional AMPA receptors is still lacking. An alternative, although nonexclusive, hypothesis is based on the involvement of presynaptic mechanisms such as an increased probability of transmitter release (3) and͞or increased amount of transmitter released by a single quantum (4) . Thus, an increased release of glutamate may contribute to the switching on of ''presynaptically'' silent synapses and to the persistent enhancement of synaptic efficacy (3, 4, 9, 10) .
In the adult, enhancement of glutamate release from presynaptic nerve endings can be elicited by nicotinic receptors whose activation has been shown to exert a potent regulatory effect on the release of several neurotransmitters (11) (12) (13) (14) . The hippocampus, an important structure for learning and memory, expresses a variety of nicotinic acetylcholine receptors (nAChRs) localized on both presynaptic and postsynaptic membranes (15) (16) (17) (18) (19) . Although the developmental expression of nAChR subunits has been extensively studied, their functional role in development is still unclear. An increasing body of evidence suggests that these receptors may contribute to the functional maturation of the brain (20) (21) (22) (23) . In the present experiments we have explored the possibility that activation of nAChRs in the newborn hippocampus produces a sustained increase in glutamate release, thus converting immature ''presynaptically silent'' synapses into functional ones.
Methods
Slice Preparation. Transverse hippocampal slices (300-400 m thick) from P1-P5 Wistar rats were prepared as described (3).
Briefly, animals were decapitated after being anaesthetized with an i.p. injection of urethane (2 g͞kg). The brain was quickly removed from the skull and placed in ice-cold artificial cerebrospinal fluid (ACSF) containing 130 mM NaCl, 3.5 mM KCl, 1.2 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 1.3 mM MgCl 2 , 2 mM CaCl 2 , and 11 mM glucose, saturated with 95% O 2 and 5% CO 2 (pH 7.3-7.4). After 1 h, an individual slice was transferred to the recording chamber where it was continuously superfused with oxygenated ACSF at a rate of 2-3 ml͞min.
Electrophysiological Recordings. Miniature and evoked excitatory postsynaptic currents (EPSCs) were recorded from individual CA1 pyramidal neurons at 24°C and 33°C by using the patchclamp technique in whole-cell configuration. Patch pipettes were filled with a solution containing 125 mM Cs-methanesulphonate, 10 mM CsCl, 10 mM Hepes, 0.6-2 mM EGTA, 2 mM MgATP, and 0.3 mM NaGTP (resistance 5 M⍀). In some experiments, bicuculline methiodide (10 M) and tetrodotoxin (TTX, 10 nM) were added to the bath solution to block ␥-aminobutyric acid type A receptors and reduce polysynaptic activity, respectively. Miniature EPSCs (mEPSCs) were recorded in the presence of TTX (1 M). Schaffer collaterals were stimulated with bipolar twisted NiCr-insulated electrodes placed in stratum radiatum. Paired stimuli (50-ms interval, 100-s duration) were applied at 0.25-0.5 Hz. The minimal intensity necessary to evoke a response at Ϫ60 mV was found and then slightly decreased to obtain only failures. Failures were usually estimated by visual discrimination. Synapses were considered presynaptically silent if they did not respond to the first stimulus in 100 consecutive trials but exhibited occasional responses to a second pulse (after the first one with 50-ms delay). These synapses have been shown to bear N-methyl-D-aspartate-mediated responses at positive potentials (3) . A recent study (24) has shown that postsynaptically silent synapses are very rare during the first week of postnatal life. Therefore the present experiments have been focused on presynaptically silent synapses that at this developmental stage are quite frequent (3) .
In some experiments to test the effects of endogenous ACh on silent synapses, cholinergic fibers were stimulated with bipolar twisted NiCr-insulated electrodes positioned in stratum oriens NЈ-tetraacetic acid (BAPTA) was added to the patch pipette at the concentration of 10 mM. In others, slices were preincubated and superfused with artificial cerebrospinal fluid containing the membrane-permeable calcium chelator BAPTA tetraacetoxymethylester (BAPTA-AM). BAPTA-AM was dissolved at a concentration of 50 M in DMSO and used at a final concentration of 0.1%. Control records obtained in the presence of 0.1% DMSO were similar to those obtained in its absence.
If not otherwise stated, data are expressed as mean Ϯ SEM. Statistical comparisons were made with a paired t test or Wilcoxon signed rank test (P Ͻ 0.05 was taken as significant).
Data Acquisition and Analysis. Data acquisition was done by using the LTP114 software package for evoked responses (courtesy of W. W. Anderson, Bristol University, Bristol, U.K.) and PCLAMP 8 (Axon Instruments, Foster City, CA) for spontaneous minis.
Current signals were transferred to a computer after digitization with an A͞D converter (Digidata 1200, Axon Instruments, Foster City, CA). Data were sampled at 20 kHz and filtered with a cut-off frequency of 2 kHz. Evoked EPSCs were analyzed with the AXOGRAPH 4.6 program (Axon Instruments), which uses a detection algorithm based on a sliding template. Spontaneous EPSCs were analyzed with the MINIANALYSIS program (version 5.6.1, Synaptosoft, Decatur, GA). All events visually judged as EPSCs were manually indicated for additional analysis in the MINIANALYSIS program. The settings of the MINIANALYSIS program were: threshold amplitude Ͼ3 pA; area threshold Ͼ10 pA͞msec; peak amplitude Ͻ20 ms of mEPSC onset; average baseline before onset Ͼ5 ms. In low probability cells, the paired-pulse ratio (PPR) was calculated as the ratio between the amplitude of the second and first EPSC over 100 consecutive trials in control and 20 min after treatment. 
Results
Nicotine Causes the Appearance of Miniature AMPA-Mediated EPSCs in Silent Neurons. Spontaneous miniature AMPA-mediated EPSCs were recorded in the presence of tetrodotoxin (1 M) from P2-P5 CA1 pyramidal cells at 24°C (n ϭ 7) and 33°C (n ϭ 7). In agreement with previous work (26, 27) , in some neurons (6͞14) spontaneous glutamatergic activity was not detected (four silent cells were recorded at 24°C and two at 33°C). Bath application of 1 M nicotine, a concentration close to that present in the smoker's blood immediately after smoking a cigarette (28) , caused the appearance of mEPSCs ( Fig. 1 a and  b) . This effect lasted for at least 20 min and was prevented by bath application of 50 M of DH␤E, a competitive nAChR antagonist, known to block most nAChR subtypes in this concentration range (refs. 16, 29 , and 30; n ϭ 2; not shown). In silent neurons, the frequency of mEPSCs recorded at 24°C and 33°C caused by nicotine was 0.05 Ϯ 0.02 Hz and 0.07 Ϯ 0.05 Hz, respectively. Nicotine enhanced the frequency of mEPSCs also in nonsilent cells ( Fig. 1 c and d ; n ϭ 8). Summary data for all cells (silent and nonsilent) recorded at 24°C and 33°C, respectively, are given in Fig. 1 f and g. At 24°C mEPSC frequency increased from 0.007 Ϯ 0.001 Hz in control to 0.052 Ϯ 0.010 Hz after nicotine and at 33°C from 0.093 Ϯ 0.076 Hz to 0.836 Ϯ 0.192 Hz. On average, nicotine did not significantly (P Ͼ 0.5, n ϭ 8) modify mean EPSC amplitude that varied from 5.2 Ϯ 0.6 pA to 4.9 Ϯ 0.7 pA and from 6.52 Ϯ 1.0 pA to 7.48 Ϯ 1.5 pA before and after nicotine, at 24°C and at 33°C, respectively (see Fig. 1e ).
These data are consistent with the notion that nicotine exerts its action mainly at presynaptic sites.
Nicotine Switches on Presynaptically Silent Synapses. In a second set of experiments (at P1-P5), AMPA-mediated EPSCs were evoked at Ϫ60 mV by weak paired stimuli to the Schaffer collateral at 0.25-0.5 Hz. Whereas 40͞75 cells exhibited few AMPA-mediated EPSCs to the first stimulus, the remaining 35 did not show any synaptic response over 100 consecutive trials. Silent neurons showed occasional EPSCs in response to a second stimulus, caused by paired-pulse facilitation, which largely depends on presynaptic increase in release probability (31) . Therefore, these synapses were considered presynaptically silent because of low probability of glutamate release (3).
Application of nicotine (1 M for 3 min) to silent synapses caused the appearance of responses to the first stimulus and increased the number of EPSCs to the second one (Fig. 2a, n ϭ  6 ). In seven additional cells with low release probability (on average 14.5 Ϯ 3.6%) nicotine produced a significant (P Ͻ 0.01) increase in the number of successes to both the first and second stimulus. In four of these neurons nicotine produced a biphasic effect consisting of an initial potentiation followed by a period (lasting 6 Ϯ 1 min) with reduced probability and a late potentiation. Overall in 13 cells (silent ϩ low probability ones) nicotine caused an increase of successes of 344 Ϯ 70% and 198 Ϯ 34% to the first and second EPSCs, respectively (Fig. 2b) . In all cases the effect of nicotine was long lasting (up to 2 h) without decrement in EPSCs amplitude over time (Fig. 2 a, d, and e) . No change in holding current or membrane input resistance was observed during or after nicotine application. In low probability synapses, the PPR changed from 8.4 Ϯ 4.2 to 1.1 Ϯ 0.1, in control and after nicotine, respectively (n ϭ 7, Fig. 2c ). Nicotine increased synaptic efficacy at 33°C. The mean change in the number of successes was 223 Ϯ 40% and 132 Ϯ 14% for the first and second EPSCs, respectively (n ϭ 3). DH␤E (50 M) blocked the potentiating effect of nicotine and the associated change in PPR (Fig. 3 a and b) . Application of nicotine to the same neuron (n ϭ 4), 30-40 min after washing out DH␤E, revealed a significant and persistent potentiation of the synaptic response, ruling out the possibility of EPSC rundown.
In the hippocampus, nAChRs are distributed on both pyramidal neurons and interneurons (15) (16) (17) (18) (19) . Nicotine might thus exert its effect indirectly through excitation of ␥-aminobutyric acid (GABA)-ergic interneurons, which early in postnatal life have been shown to depolarize and excite principal cells (32) . To test whether GABAergic interneurons were involved in nicotine action, the agonist was applied in the presence of bicuculline (3-10 M). Nicotine still caused the appearance of EPSCs (the percentages of successes to the first and second pulse were 0 and 5.1 Ϯ 4.4% or 17 Ϯ 15.5% and 12 Ϯ 7.6% before or 20 min after nicotine, respectively, n ϭ 3; data not shown), indicating that GABA type A receptors are not involved in nicotine-induced potentiation.
The Potentiating Effect of Nicotine Involves ␣7 nAChRs. Among various nAChR subunits, the ␣7 subtype is highly expressed in the hippocampus where it forms homopentamers that regulate transmitter release in both adult (33) (34) (35) and neonates (36) . In an attempt to clarify whether this receptor was involved in regulation of glutamate release, we used the ACh analogue AR-17779, shown to selectively activate ␣7 receptors (37) . Bath application of AR-17779 (100 M for 3 min) converted silent synapses into conductive ones (n ϭ 3). The number of successes to EPSC1 and EPSC2 varied from 0 and 4.6 Ϯ 3.2% to 23 Ϯ 14.6% and 21.3 Ϯ 10.1% before and 20 min after AR-17779 application (data not shown).
Moreover, selective ␣7 nAChR antagonists such as MLA (10 nM, n ϭ 6) and ␣-BGT (100 nM, n ϭ 5) were able to block the potentiating effects of nicotine (Fig. 3c) . In contrast, low concentrations of DH␤E (1 M), known to selectively block ␤2-containing nAChRs (16) , were ineffective in preventing nicotine action. In the presence of 1 M DH␤E, nicotine-elicited increase in successes was 310.0 Ϯ 12.3% and 284.0 Ϯ 5.9 for the first and second EPSC, respectively (n ϭ 6; Fig. 3c ).
Intracellular Calcium Rise Through Postsynaptic nAChRs Does Not
Contribute to Nicotine Effects. It is known that ␣7 nAChRs are highly permeable to calcium (29, 30, 38) . To see whether a rise of calcium in the postsynaptic cell via ␣7 nAChRs contributes to nicotine-induced persistent changes in synaptic efficacy, nicotine was applied to cells loaded with the calcium chelator BAPTA (10 mM, n ϭ 9). In these neurons the agonist caused a potentiation of synaptic currents (data not shown) similar to that produced in control (without BAPTA) that was associated with a reduction in PPR (from 2.4 Ϯ 0.2 to 1.1 Ϯ 0.1, n ϭ 3). The percentage of successes to the first pulse was 2.8 Ϯ 1.9% and 16.8 Ϯ 5.7% before and after nicotine, respectively. In slices incubated with the membrane-permeable calcium chelator BAPTA tetraacetoxymethylester (50 M), nicotine was unable to change synaptic efficacy in the majority of cells tested (n ϭ 5͞8). All together these results are consistent with the notion that an increase in presynaptic calcium possibly via ␣7 nAChRs is essential for nicotine-induced persistent increase in synaptic efficacy.
Activation of nAChRs by Endogenously Released ACh Makes Silent
Synapses Functional. The hippocampus receives a large cholinergic innervation from the septo-hippocampal pathway (39) that is already functional early in postnatal life (25) . To investigate whether endogenously released ACh is able to switch on presynaptically silent synapses, cholinergic fibers were stimulated in the presence of 1 M atropine to block ACh muscarinic receptors (n ϭ 7; Fig. 4a ). In five cells silent to the first stimulus but showing only sporadic responses to the second, cholinergic stimulation caused the appearance of EPSC1 and potentiated EPSC2, an effect that was prevented by DH␤E (50 M; Fig. 4b ). In the remaining two cells exhibiting only few responses to the first stimulus, cholinergic stimulation caused a persistent potentiation of EPSC1 and EPSC2. Overall, in seven neurons, the percentages of successes to the first and second stimuli were 0.3 Ϯ 0.3% and 1.8 Ϯ 0.5% or 18.4 Ϯ 6.7% and 18.5 Ϯ 5.7%, before and 20 min after stimulation of cholinergic fibers, respectively (Fig. 4 c and d) . This effect was associated with a decrease in PPR (from 1.9 Ϯ 1.2 to 1.4 Ϯ 0.5). It should be stressed that in five cases cholinergic activation produced a biphasic effect resulting in activation of EPSC1 immediately after the train followed by a period (8 Ϯ 1 min) of reduced probability and a late persistent potentiation (Fig. 4c) .
Discussion
These findings provide evidence that a single exposure to nicotine causes persistent changes in synaptic efficacy in immature glutamatergic synapses. Mechanisms for such long-lasting modification entail conversion of presynaptically silent synapses into functional ones. Activation of nAChRs localized on presynaptic glutamatergic nerve endings (18, 33, 40) is likely to be involved in the persistent enhancement of synaptic transmission because: (i) nicotine caused the appearance of mEPSCs in silent neurons and increased the frequency but not the amplitude in those exhibiting spontaneous events; (ii) both nicotine and endogenously released ACh increased the probability of successes and reduced the number of transmitter failures; and (iii) in low probability neurons nicotine decreased the PPR. A short-term increase in mEPSC frequency by nicotine was observed in several CNS structures (33, 40, 41) . A sustained enhancement of spontaneous glutamatergic transmission after brief repetitive pulses of ACh was described in cocultures of medial habenula and interpeduncular nucleus (42) . In the present experiments, facilitation of synaptic transmission lasted for up to 2 h and could be elicited not only by nicotine but also by endogenously released ACh. It has been recently reported that in the CA1 region of the hippocampus persistent changes in synaptic strength can be elicited by stimulation of afferent fibers paired with nicotine-induced membrane depolarization (18) . This type of mechanism present only in a minority of cells in the adult hippocampus (18) was commonly observed in neurones of the ventral tegmental area and was prevented by N-methyl-D receptor antagonists (41) . In the present experiments potentiation occurred when cells were voltage-clamped at Ϫ60 mV, indicating that the persistent increase in glutamate release was independent of postsynaptic depolarization and N-methyl-D receptor activation but exclusively relied on presynaptic mechanisms. Moreover, the observation that nicotine increased synaptic efficacy in cells loaded with BAPTA but not exposed to extracellular BAPTA tetraacetoxymethylester indicates a presynaptic site of induction.
The present experiments clearly show that homomeric ␣7 nAChRs are the main target of nicotine. Indeed, in the hippocampus, ␣7 nAChRs have been shown to be present and functional at the early stage of postnatal development (36) . The observation that AR-17779, a compound known to selectively activate ␣7 nAChRs (37) , is able to mimic the potentiating effects of nicotine supports this view. Moreover, nicotine action was prevented by two selective ␣7 receptor antagonists, MLA and ␣-BGT, indicating that activation of ␣7 nAChRs is responsible for switching on silent synapses and strengthening synaptic efficacy. Activation of ␣7 nAChRs in the ventral tegmental area by nicotine has been shown to cause a persistent enhancement of glutamate release from presynaptic nerve endings (43) . This property, together with desensitization of ␤2-containing receptors located on ␥-aminobutyric acid-ergic neurons, may account for nicotine-stimulated persistent changes of glutamatergic transmission and dopamine level in the mesolimbic reward system (43) . Interestingly, in the present experiments, EPSC potentiation was still observed in the presence of low concentrations of DH␤E, known to selectively block ␤2-containing receptors (15, 16, 44) , suggesting that these receptor subtypes do not significantly contribute to the nicotine effects. Several mechanisms may account for nicotine-stimulated changes in synaptic efficacy. It is likely that calcium entering into the terminals through ␣7 nAChRs (29, 30, 38) and through voltagedependent calcium channels (45) produces downstream effects such as calcium-induced calcium release and activation of second messenger cascades, leading to modification of exocytotic processes and probability of glutamate release. These mechanisms may account for nicotine-induced appearance of mEPSCs in silent neurons. Moreover, the involvement of intracellular second messengers may underline the latency of nicotine action observed in a subset of neurons.
The observations that activation of nAChRs is able to convert silent synapses into conductive ones and to persistently enhance synaptic efficacy in the newborn are consistent with the general view that adequate activation of nAChRs is essential for the functional maturation of the brain (20) (21) (22) (23) 46) . Indeed, chronic exposure of nAChRs to nicotine either in utero through maternal smoking or in perinatal life leads to irreversible brain damage (47) and constitutes a major independent risk factor for sudden infant death syndrome (46, 48) .
